This study experimentally compared barium ferrite with conventional metal particulate media in terms of their chemical corrosion resistance and thermal stability-two important factors determining archival stability. The results confirmed the superior properties of barium ferrite even at the smaller particle sizes necessary for future high-capacity media. The thermal decay rate of the barium ferrite media was in the range from 0.04 to 0.07 dB/decade, and the degradation of saturation magnetization after 14 days in a Battelle Class II environment was only 1%. These values were less than those for metal particulate media at the same particle volume.
Introduction
The total volume of digital data in the world is increasing at an explosive pace and is projected to reach up to 35 ZB by 2020 1) -approximately 44 times the volume of data estimated for 2010. This implies a similar pace of capacity growth in data storage systems such as hard-disk drives (HDDs) and linear tape systems. As shown in Fig. 1 , the trend in tape cartridge capacity is very similar to that of HDDs. However, the growth of capacity for tape cartridges seems to have been nearly saturated at around 2006-2010 with metal particulate (MP) media, but it jumped again in 2011 with the switch to barium ferrite media.
This trend can be explained by the fact that capacity increases till 2010 were mainly achieved through reductions in the size of magnetic particles. Saturation reflects the difficulty in continually reducing the size of metal particles while maintaining sufficient magnetic properties such as coercivity and saturation magnetization. This difficulty stems from two facts: first, the coercivity of MP media depends on shape anisotropy, and second, each particle requires a passivation layer on its surface with a material of much lower saturation magnetization, which places a severe practical limit on the minimum size of particles. Then, after extensive research 3)-10) , 2011 witnessed the switch to barium ferrite (BaFe) particles: 5 TB and 4 TB cartridges were launched on the market 11), 12) and, furthermore, an areal density of 29.5 Gbit/in 2 was also demonstrated 13) , which corresponded to a possible cartridge capacity of 35 TB.
However, for this new BaFe medium to gain widespread acceptance, regardless of capacity, its long-term stability must first be confirmed. Hence, we investigated the long-term archival stability of BaFe particulate media in comparison with that of MP media in this study
Sample Properties
The typical properties of magnetic particles and tapes used in this study are listed in Table 1 14) KuV/kBT, where Ku is the anisotropy energy constant of each particle, V is the particle volume, kB is Boltzmann's constant, and T is temperature. The decreases in the reproduced voltage (output) of tape media caused by thermal fluctuations, however, are not simple phenomena but are determined by several factors such as the orientation of the easy axis of magnetic particles and the demagnetization field in the recording layer.
The authors directly measured the decrease in output at ambient temperature (25°C) using the loop tester shown in Fig. 2 . The signal was recorded in the first lap, and then the reproduced voltage was iteratively measured from the 2nd lap to the 200th lap with a constant period of 0.2275 s, which equaled the loop length (0.91 m) divided by the tape speed (4 m/s). The specifications for the magnetic head used in this study are listed in Table 2 . The conditions of measurement and the apparatus for BaFe and MP were the same.
Results
In the example shown in Fig. 3 for Tapes B1 and M1, the measured values linearly decrease logarithmically over time. The examples in the figure correspond to decay rates of 0.04 and 0.09 dB/decade. At 0.04 dB/decade, the signal output decays 0.04 dB in a period in which time increases tenfold, e.g., from 1 s to 10 s or from 10 s to 100 s. A decay rate of 0.09 dB/decade corresponds to an approximate decrease of 1 dB between the period from 0.1 s to 300 years (10 10 s). The deviation looks becoming larger toward the end. The standard deviation from the straight-line approximation, however, is almost the same between the first and latter halves.
Experiments were also conducted to compare the signal decay rate of the MP and BaFe tapes in terms of both particle volume (Fig. 4) and thermal stability factor KuV/kBT (Fig. 5) . As seen here, BaFe tapes exhibit an apparently lower decay rate at the same particle volume. Further, even though all the BaFe media had a thermal stability factor of less than 100, their thermal decay rate did not exceed 0.07, which corresponds to the decay rate of MP media with a thermal stability factor of more than 200. The highest decay rate of the BaFe tapes was 0.07 for the B2 tape and the lowest was 0.04 for the B1 and B3 tapes.
Chemical corrosion resistance

Hot and wet environment
Smaller particles generally correlate with a higher recording density. However, smaller particles are also more susceptible to corrosion because of their larger exposed surface area per unit volume. Thus, as expected, Fig. 6 indicates that MP tapes with smaller particles suffer more corrosion. However, the degradation of BaFe tapes was remarkably minor regardless of their small particle volume.
Corrosive gas (Battelle Class II) environment
A corrosive gas environment called the Battelle Class II 15) (see Table 3 for details) is often used for evaluating magnetic tapes 10), 16), 17) . Samples were stored for 14 days in a Battelle Class II chamber in this study, and the saturation magnetization of all samples was measured before and after storage. Because the acceleration factor of this environment was 400 to 1000 18) , the conditions here correspond to 15-38 years in ambient storage. As seen in Fig. 7 , the degradation of saturation magnetization for BaFe tape was extremely low regardless of its small particle volume.
Discussion
BaFe media exhibited excellent thermal stability compared with MP media even when the thermal stability factors of the former were lower. There may be two reasons for this: First, the magnetization of BaFe is much lower than that of MP media, which results in a lower demagnetization field in the recording layer of the former. Second, the main component of the magnetization direction in the former is perpendicular, whereas that in the latter is longitudinal. The squareness ratios of longitudinal BaFe tapes were less than 0.4 whereas those of MP tapes were more than 0.7. This is important because the interparticle magnetic field (demagnetization field) of perpendicularly recorded media stabilizes magnetization in the transition region, whereas that of longitudinal recording media destabilizes it. This results in higher stability with BaFe media at least at recording densities of 200 kfci. What caused the variations in decay rate in BaFe media especially between B1 and B2 is not clear. One of the possibilities is variations in the distribution of particle volume. However, the authors have not yet been able to reproducibly determine the distribution of particle volume for all samples.
All samples tested here including MP tapes demonstrated a thermal decay rate of less than 0.1 dB/decade. Thus, the total decay even after 300 years still remains at around 1 dB at maximum-this may not cause any increase in the error rate in practice. Nevertheless, we can still say that BaFe particles have a greater potential for future high-density recording because much smaller particles could be used without being concerned about increased thermal decay.
BaFe also exhibited superior chemical resistance simply because it is a chemically stable oxide whereas MP media are not. From the results in Fig. 7 , we can see that these tests may have been too rigorous. All the tests we described were conducted using a "bare" tape that was not in a cartridge. However, no tapes exhibited any corrosion while they were in cartridges. Current MP tapes should not exhibit any corrosion problems in ordinary use. However, at the low particle volumes necessary for high-density recording, MP tapes are apparently less suitable than BaFe particles
Summary
The long-term archival stability of Barium-ferrite magnetic tape was investigated in comparison with conventional metal particulate tape. The results indicated that BaF tape had excellent thermal stability and superior resistance to corrosion even at the smaller particle size that will be required for future higherdensity recording media. These results imply that BaFe tape could replace MP tape, which still dominates in linear tape systems, without raising any concerns related to long-term stability issues. Fig. 7 Comparison of degradation in saturation magnetization (Ms) between BaFe and MP in terms of particle volume in Battelle Class II environment for 14 days.
